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                \begin{document}$$1{0}^{-18}$$\end{document}$, and enable sensitive tests of relativity and searches for potential variations in fundamental constants^[@CR1]--[@CR5]^. These experiments could be improved by exploiting clock transitions with a much reduced sensitivity to frequency shifts caused by external perturbations. Transitions in highly charged ions (HCI) naturally meet this requirement due to their spatially compact wave functions^[@CR6],[@CR7]^. Unfortunately, in most cases this raises the transition frequencies beyond the range of current precision lasers. While some forbidden fine-structure transitions remain in the optical range, these are generally insensitive to physics beyond the Standard Model. More interestingly, at configuration crossings due to re-orderings of electronic orbital binding energies along an isoelectronic sequence, many optical transitions between the nearly degenerate configurations can exist^[@CR7],[@CR8]^. For the $\documentclass[12pt]{minimal}
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                \begin{document}$${}_{3}$$\end{document}$ magnetic octupole (M3) transition seems ideally suited for an ultra-precise atomic clock and searches for physics beyond the Standard Model with HCI^[@CR8]--[@CR10]^, recently reviewed in ref. ^[@CR11]^. It is highly sensitive to potential variation of the fine-structure constant, $\documentclass[12pt]{minimal}
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                \begin{document}$$5p-4f$$\end{document}$ orbital crossing and level structures of selected ions along the isoelectronic sequence.**a** Configuration-averaged binding energies for relevant configurations of the Sn-like (50 electron) isoelectronic sequence, as a function of atomic number $\documentclass[12pt]{minimal}
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                \begin{document}$$Z$$\end{document}$. **b**--**d** Grotrian diagrams for low-lying levels of the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$5{p}^{2}$$\end{document}$, $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$5p4f$$\end{document}$, and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$4{f}^{2}$$\end{document}$ configurations for $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$Z=56$$\end{document}$, 59, and 62, respectively. Pr$\documentclass[12pt]{minimal}
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                \begin{document}$${}^{9+}$$\end{document}$ is situated close to the configuration crossing point, and the corresponding diagram shows that inter-configuration optical transitions are allowed. Fig. 1c shows lines that were measured (blue) in the electron beam ion trap (EBIT). Strongly mixed $\documentclass[12pt]{minimal}
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                \begin{document}$$J=2$$\end{document}$ levels are indicated with multiple colors. We identified potential clock transitions (dashed magenta lines), which are not observable in the EBIT.

With two electrons above closed shells, Pr$\documentclass[12pt]{minimal}
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                \begin{document}$$4f$$\end{document}$-shell systems studied in previous works^[@CR12]--[@CR14]^. Nonetheless, predictions do not reach the accuracy needed for finding the clock transition in a precision laser spectroscopy experiment.

In the following, we present measurements of all the optical magnetic-dipole (M1) transitions with rates of at least order 100 s$\documentclass[12pt]{minimal}
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                \begin{document}$$5p4f$$\end{document}$ configurations. Since these configurations have both even parity, strongly mixed levels exist, allowing for relatively strong M1 transitions between them. By measuring these and applying the Rydberg-Ritz combination principle, the wavelength of the extremely weak clock transition is inferred to be 452.334(1) nm. Our calculations show that the proposed nHz-wide clock line, proceeds through hyperfine admixture of its upper state with an E2-decaying level. Moreover, we find that it has competitive sensitivities to physics beyond the Standard Model. These favorable properties can be exploited with the detailed experimental scheme that we propose.

Results {#Sec2}
=======

Measurement and identification of the lines {#Sec3}
-------------------------------------------

The Heidelberg electron beam ion trap (HD-EBIT) was employed to produce and trap Pr$\documentclass[12pt]{minimal}
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                \begin{document}$${}_{6}$$\end{document}$Pr molecules (CAS number 15492-48-5), which are disassociated by electron impact; further impacts sequentially raise the charge state of the ions until the electron beam energy cannot overcome the binding energy of the outermost electron. The combination of negative space-charge potential of the electron beam and voltages applied to the set of hollow electrodes (called drift tubes) trap the HCI inside the central drift tube. By suitably lowering the longitudinal trapping potential caused by the drift tubes, lower ionization states are preferentially evaporated, so that predominantly Pr$\documentclass[12pt]{minimal}
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                \begin{document}$${}^{9+}$$\end{document}$ ions remain trapped. Several million of these form a cylindrical cloud with a length of \~5 cm and radius of 200 μm. Electron-impact excitation of the HCI steadily populates states which then decay along many different fluorescent channels. Spectra in the range from 220 to 550 nm were recorded using a 2-m focal length Czerny Turner type spectrometer equipped with a cooled CCD camera^[@CR16]^. Exploratory searches with a broad entrance slit detected weak lines at reduced resolution. By monitoring the line intensities while scanning the electron beam energy we determined their respective charge state, finding 22 Pr$\documentclass[12pt]{minimal}
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                \begin{document}$${}^{9+}$$\end{document}$ lines in total; see Fig. [1](#Fig1){ref-type="fig"}c. The charge state identification was made on the basis of a comparison between the estimated electron beam energy at maximum intensity of the lines (135(10) eV), and the predicted ionization energy of Pr$\documentclass[12pt]{minimal}
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                \begin{document}$${}^{9+}$$\end{document}$ (147 eV). Here, lines from neighboring charge states appear approximately an order of magnitude weaker compared to their respective maximal intensity. Tentative line identifications were based on wavelengths and line strengths predicted from ab initio calculations. Our Fock-space coupled-cluster^[@CR17]^ calculations were found to reproduce the spectra with average difference (theory $\documentclass[12pt]{minimal}
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                \begin{document}$$14\ (28)$$\end{document}$ meV, while our AMBiT^[@CR18]^ calculations (implementing particle-hole configuration interaction with many-body perturbation theory) were accurate to $\documentclass[12pt]{minimal}
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                \begin{document}$$-23\ (29)$$\end{document}$ meV (see Methods for further details). Intensity ratios of the lines were compared to predictions by taking into account the wavelength-dependent efficiency of the spectrometer setup and the Pr$\documentclass[12pt]{minimal}
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                \begin{document}$${}^{9+}$$\end{document}$ population distribution in the EBIT. The latter was determined from collisional radiative modeling using the Flexible Atomic Code (FAC)^[@CR19]^.

For confirmation and determination of level energies at the part-per-million level, high-resolution measurements were carried out. This revealed their characteristic Zeeman splittings in the $\documentclass[12pt]{minimal}
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                \begin{document}$${g}_{J}$$\end{document}$ factors extracted from lines connecting to the same fine-structure levels. The good agreement of these with AMBiT predictions conclusively confirmed our line identifications, see Fig. [2](#Fig2){ref-type="fig"}, Table [1](#Tab1){ref-type="table"}, and Table [2](#Tab2){ref-type="table"}. Level energies with respect to the $\documentclass[12pt]{minimal}
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                \begin{document}$${}_{2}$$\end{document}$ state (see Fig. [2](#Fig2){ref-type="fig"}), also seen in e.g. the D lines of alkali metals^[@CR21]^. The non-diagonal Zeeman matrix element between the near-degenerate fine-structure states, characterizing the magnitude of interference, was extracted by fitting the experimental line shapes, and was found to be in good agreement with AMBiT  predictions. The magnetic field strength acts in this setting as a control parameter of quantum interference. In future laser-based high-precision measurements, a much weaker magnetic field will be used. This will minimize interference and enable a better determination of field-free transition energies, and consequently of the clock lines.Fig. 2Spectra of four distinctive Pr$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
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Properties of the clock transition {#Sec4}
----------------------------------

After discovering this orbital crossing and the interesting clock transition, in the following we discuss its properties. Without HFS, the $\documentclass[12pt]{minimal}
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Blackbody-radiation (BBR) shift is a dominant source of systematic uncertainty in some atomic clocks such as Yb$\documentclass[12pt]{minimal}
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Beyond their favourable metrological properties, HCI have been suggested for probing variation of fundamental constants due to their high sensitivity to this^[@CR6],[@CR7]^. Sensitivity to $\documentclass[12pt]{minimal}
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Proposal for precision laser spectroscopy {#Sec5}
-----------------------------------------

Future precision spectroscopy of the clock transitions will require that the internal Pr$\documentclass[12pt]{minimal}
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Discussion {#Sec6}
==========

We have measured optical inter-configuration lines of Pr$\documentclass[12pt]{minimal}
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Methods {#Sec7}
=======

Line-shape model {#Sec8}
----------------

In the hyperfine Paschen-Back regime, the energy shift of a fine-structure state's magnetic sublevel in an external magnetic field is given by$$\documentclass[12pt]{minimal}
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                \begin{document}$$\left|J,{m}_{J}\right\rangle$$\end{document}$ initial fine-structure states were transformed to the eigenstates of the Zeeman Hamiltonian also taking into account non-diagonal coupling.

Equation ([4](#Equ4){ref-type=""}) was fitted to each measured line with the following free parameters: $\documentclass[12pt]{minimal}
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                \begin{document}$${g}_{J}$$\end{document}$ values of all involved states were kept as global fit parameters for the whole dataset of 22 lines. Shot noise and read-out noise were taken into account for the weighting of the data points. The final uncertainties on the transition energies for each line were taken as the square root of its fit uncertainty and calibration uncertainty added in quadrature.

Fock-space coupled-cluster calculations {#Sec9}
---------------------------------------

The Fock-space coupled-cluster (FSCC) calculations of the transition energies were performed within the framework of the projected Dirac-Coulomb-Breit Hamiltonian^[@CR46]^. In atomic units ($\documentclass[12pt]{minimal}
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The calculations started from the closed-shell reference \[Kr\]4$\documentclass[12pt]{minimal}
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                \begin{document}$$i$$\end{document}$ orbitals. The intermediate Hamiltonian method^[@CR48]^ was employed to facilitate convergence.

The uncontracted universal basis set^[@CR49]^ was used, composed of even-tempered Gaussian type orbitals, with exponents given by$$\documentclass[12pt]{minimal}
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                \begin{document}$${\xi }_{n}= \,\gamma {\delta }^{(n-1)},\quad \gamma =106\ 111\ 395.371\ 615\\ \delta = \, 0.486\ 752\ 256\ 286.$$\end{document}$$

The basis set consisted of 37 *s*, 31 *p*, 26 *d*, 21 *f*, 16 *g*, 11 *h*, and 6 *i* functions; the convergence of the obtained transition energies with respect to the size of the basis set was verified. All the electrons were correlated.

The energy calculations were performed using the Tel-Aviv Relativistic Atomic Fock-Space coupled-cluster code (TRAFS-3C), written by E. Eliav, U. Kaldor and Y. Ishikawa. The final FSCC transition energies were also corrected for the QED contribution, calculated using the AMBiT program.

Polarizabilities {#Sec10}
----------------

The polarizabilities were also calculated using the Fock-space coupled-cluster method within the finite-field approach^[@CR50],[@CR51]^. We used the DIRAC17 program package^[@CR52]^, as the Tel-Aviv program does not allow for addition of external fields. The v3z basis set of Dyall was used^[@CR53]^; 20 electrons were correlated and the model space consisted of 5$\documentclass[12pt]{minimal}
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                \begin{document}$$f$$\end{document}$ orbitals. These calculations were carried out in the framework of the Dirac-Coulomb Hamiltonian, as the Breit term is not yet implemented in the DIRAC program.

CI+MBPT calculations {#Sec11}
--------------------

Further calculations of energies and transition properties were obtained using the atomic code  AMBiT^[@CR18]^. This code implements the particle-hole CI+MBPT formalism^[@CR54]^, which builds on the combination of configuration interaction and many-body perturbation theory described in ref. ^[@CR55]^ (see also ref. ^[@CR56]^). This method also seeks to solve Eqs. ([5](#Equ5){ref-type=""})--([7](#Equ7){ref-type=""}), but treats electron correlations in a very different way. Full details may be found in ref. ^[@CR18]^; below we present salient points for the case of Pr$\documentclass[12pt]{minimal}
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For the current calculations, we start from relativistic Hartree-Fock using the same closed-shell reference configuration used in the FSCC calculations: \[Kr\]$\documentclass[12pt]{minimal}
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                \begin{document}$$N=798134$$\end{document}$. To make this problem tractable we use the emu CI method^[@CR57]^ where the interactions between highly-excited configurations with holes are ignored.
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Diagonalisation of the CI matrix gives energies and many-body wave functions for the low-lying levels in Pr$\documentclass[12pt]{minimal}
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Lifetime calculations {#Sec12}
---------------------
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**Peer review information** *Nature Communications* thanks Mikhail Kozlov and other, anonymous, reviewers for their contributions to the peer review of this work.

**Publisher's note** Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.

This work is part of and supported by the DFG Collaborative Research Centre SFB 1225 (ISOQUANT). J.C.B. was supported in this work by the Alexander von Humboldt Foundation and the Australian Research Council (DP190100974). A.B. would like to thank the Center for Information Technology of the University of Groningen for providing access to the Peregrine high performance computing cluster and for their technical support. A.B. is grateful for the support of the UNSW Gordon Godfrey fellowship. P.O.S. acknowledges support from DFG, project SCHM2678/5-1, through SFB 1227 (DQ-mat), project B05, and the Cluster of Excellence EXC 2123 (QuantumFrontiers). We acknowledge funding through the Max Planck-RIKEN-PTB Center for Time, Constants and Fundamental Symmetries (TCFS).

J.C.B. and H.B. conceived this work, selected the targeted ion, and wrote the manuscript. H.B. performed the experiment using methods devised by J.R.C.L.U., and developed the Zeeman line fitting scheme. J.C.B. carried out AMBiT calculations, predicted the lifetimes of the clock transitions, and identified with J.R.C.L.U. the Zeeman-induced asymmetry. P.O.S. worked out the QLS scheme. A.B. performed FSCC and polarizability calculations; Z.H. carried out MCDF calculations and provided input for the asymmetric line modeling. All authors, including C.H.K. and T.P., contributed to the discussions of the results and manuscript.

The data that support the findings of this study are available from the corresponding author upon reasonable request.

The AMBiT code is available at <https://github.com/drjuls/AMBiT>^[@CR18]^, the LOPT program at <http://cpc.cs.qub.ac.uk/summaries/AEHM_v1_0.html>^[@CR20]^, the DIRAC17 package at <http://www.diracprogram.org>, and the GRASP2K code at <https://www-amdis.iaea.org/GRASP2K/>^[@CR62]^. The TRAFS-3C code is available upon reasonable request.

The authors declare no competing interests.
